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(57)  Aninterleaved LLC converter arrangement in-
cludes two or more LLC converters for transferring power
from an input side to an output side, wherein the two or
more LLC converters include a first LLC converter and a
second LLC converter connected in parallel on the input
side and on the output side and wherein each LLC con-
verter includes a bridge inverter at the input side. For
balancing the power transfer among the LLC converters if

for example the second LLC converter transfers more
power from the input side to the output side than the first
LLC converter, each leg of the bridge of the bridge
inverter of the first LLC converter is operated with a duty
cycle of 0.5 and at least one leg of the bridge of the bridge
inverter of the second LLC converter is operated with a
duty cycle different from 0.5.
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Description
Technical Field

[0001] The invention relates to a method for balancing
a power transfer of an interleaved LLC converter ar-
rangement with two or more LLC converters from an
input side to an output side, wherein the two or more
LLC converters include a first LLC converter and a sec-
ond LLC converter connected in parallel on the input side
and on the output side, wherein each LLC converter
includes an inverter with a bridge having one or two legs
at the input side, a resonant tank connected to the in-
verter, a transformer with a primary and a secondary and
an output rectifier, wherein the primary of the transformer
is connected to the resonant tank and the output rectifier
is connected to the secondary of the transformer. The
invention further relates to a corresponding controller and
to an interleaved LLC converter arrangement with two or
more parallel LLC converters and such a controller.

Background Art

[0002] LLC converters have become popular in recent
years as they exhibit a high efficiency combined with only
few components necessary. And LLC converters are
usually controlled by varying the switching frequency
with a fixed duty cycle of 0.5 which again reduces losses,
complexity and the number of components needed.
[0003] Therefore, LLC converters have also been in-
terleaved which means that two or more LLC converters
are connected in parallel at the input and that are con-
nected in parallel at the output. Accordingly, interleaved
LLC converters usually have a single power input and a
single power output where the output current is supplied
to an output capacitor that is connected across the par-
alleled output.

[0004] AnLLC converterusuallyincludes aninverter at
the input side, a resonant tank connected to the inverter
followed by a transformer and an output rectifier con-
nected to the transformer output. The inverter can be a
full bridge inverter or a half bridge inverter. The resonant
tank typically includes a resonating inductance con-
nected in series with the inverter, a magnetizing induc-
tance connected in parallel across the inverter output and
a resonating capacitance connected in series with the
inverter. These components may include either discrete
inductors and capacitors or other inductive or capacitive
components of other circuit elements or combinations
thereof. The resonating inductance for example usually
includes leakage components of the transformer and the
magnetizing inductance often includes components of
the transformer magnetizing inductance.

[0005] When using a half bridge inverter, the resonant
capacitor may be split such that a resonant capacitor part
is arranged between each of the two inverter input term-
inals and one of the transformer input terminals and
where the other transformer input terminal is connected
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to a centre tap of the inverter output via a resonant
inductor.

[0006] Several options are also available for the output
rectifier. A centre tapped rectification is possible as well
as a full bridge rectification. And the rectifier may be
assembled using diodes or synchronous rectifiers with
transistors.

[0007] When for example using N parallel LLC-con-
verters, an operation with equal frequency and a phase
shift of 180/N° is preferred. This substantially reduces the
current ripple at the output capacitance (ripple cancella-
tion or current ripple cancellation). If such paralleled LLC
converters are operated with a different frequency, such
aninterleaving leading to such a ripple cancellation is not
possible.

[0008] However, due to component tolerances the sin-
gle components of the different LLC converters differ
from each other wherefore the transfer behaviour of
the single LLC converters also differs from converter to
converter. Accordingly, the single LLC converters do not
necessarily transfer the same power when operating
them with a duty cycle of 0.5 at the same frequency. This
may result in higher losses and may even prevent opera-
tion of such paralleled LLC converters.

[0009] Accordingly, for operation with an equal switch-
ing frequency an active or passive power transfer balan-
cing is necessary.

[0010] A power balancing in interleaved LLC conver-
ters may be achieved through different techniques.
[0011] One ofthem is a phase shift modulation such as
forexample disclosed in document EP 2683 066 A1. This
balancing method may however only be used in inter-
leaved LLC converters having a full bridge inverter at the
input.

[0012] In a different configuration where the LLC con-
verters do include separate source converters at their
inputs, the power transfer may be balanced by balancing
the input power such as for example disclosed in docu-
ment EP 2 683 067 A1.

[0013] Document CN 106230268 discloses another
configuration with separate source converters wherein
the LLC converters are connected in series on the input
side across a single input voltage. Accordingly, each LLC
converter is only supplied by a fraction of the input
voltage. If one of the converters supplies more power
than another, its input voltage is reduced wherefore the
input voltage of the other converters is increased result-
ing in a passive power transfer balancing.

[0014] However, the configurations with separate
source converters may not be applied in cases where
the LLC converters are connected in parallel at the input
and at the output side.

[0015] DocumentWO 2014/040170 discloses a balan-
cing method wherein switch-controlled capacitors are
used to overcome load sharing problems. This method
however requires additional components to achieve
power balancing.

[0016] Document US 2015/0229225 A1 discloses an-
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other balancing method wherein balancing is achieved
via suitable control of a full wave synchronous output
rectifier in the secondary. This method however not only
increases control complexity but also requires full wave
synchronous output rectification and may accordingly not
be used in cases where half wave rectification or diode
rectification is to be used.

Summary of the invention

[0017] Accordingly, it is the object of the invention to
create a method for balancing the power transfer in an
interleaved LLC converter arrangement pertaining to the
technical field initially mentioned, that may be applied to
LLC converters that are connected in parallel at the input
side and at the output side, that may be applied to LLC
converters with full bridge or half bridge inverters at the
input side, that do not require additional components and
may be applied independent of the structure of the output
rectifier. Further objects of the invention are to create a
corresponding controller as well as an interleaved LLC
converter arrangement including such a controller.
[0018] The solution of the invention is specified by the
features of claim 1. According to the invention, balancing
of the power transfer is achieved by operating each leg of
the bridge of the inverter of the first LLC converter with a
duty cycle of 0.5 and operating at least one leg of the
bridge of the inverter of the second LLC converter that
transfers more power from the input side to the output
side than the first LLC converter with a duty cycle different
from 0.5.

[0019] Thislegorthese legs are also designated as an
asymmetric leg or as asymmetric legs further below.
Accordingly, such a leg is designated as being operated
asymmetrically and an LLC converter that includes at
least one asymmetric leg is designated as being oper-
ated asymmetrically too, whether or not all or just one
single leg of the LLC converter is an asymmetric leg.
[0020] Thetermlegasused hereindenotesabranch of
a bridge of the inverter of an LLC converter including two
switches connected in series, wherein an upper switch of
the leg is connected to a positive input terminal of the
inverter, the lower switch is connected to the negative
terminal of the interver and both switches are connected
to a common centre tap. A full bridge inverter typically
includes two such legs and the output of the inverter is
formed by both centre taps of the two legs. A half bridge
inverter typically includes a single leg with an upper
switch and a lower switch. An additional branch often
is formed by the two split capacitors of the resonant tank
wherein an upper capacitor is connected to the positive
input terminal of the inverter, the lower capacitor is con-
nected to the negative terminal of the interver and both
capacitors are connected to a common centre tap. In this
case the output of the half bridge inverter is formed by the
centre tap of the leg with the switches and the centre tap
of the branch with the split resonant tank capacitors.
[0021] The term operating a leg in this connection
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means operating the switches of that leg with a particular
duty cycle wherein the duty cycle for operating a first
switch of a leg may be the same or may differ from the
duty cycle of the second switch of that leg.

[0022] Regardingthe particularvalues of the duty cycle
as mentioned above, such as for example the value of
0.5, it is to say that the actual duty cycle applied to the
switches may slightly differ from the given value, in order
to avoid simultaneous ON times of the switches in the
same leg.

[0023] Inthatatleast one leg ofthe LLC converter that
transfers more power than another LLC converter is
operated with a duty cycle different from 0.5 (also desig-
nated as asymmetric operation further below), the power
transfer of that LLC converter is reduced which results in
a balanced power transfer. Since balancing is achieved
by a simple duty cycle variation, it may be applied to
interleaved LLC converters that are connected in parallel
not only on the output side but also on the input side.
Moreover, this balancing method may be applied to inter-
leaved LLC converter configurations thatdoinclude three
or more paralleled LLC converters. And this method does
not require any additional components as the switches of
the inverters do have to be controlled anyway. It just
requires a different method to determine the control
signals for the switches. The method may also be applied
to more than one LLC converter such that those LLC
converters that transfer most power may be operated
asymmetrically at the same time resulting in a fast bal-
ancing of the output power of the LLC converters.
[0024] In an interleaved LLC converter arrangement
with N paralleled LLC converters that are balanced in this
way, all LLC converters may be operated with equal
frequencies and with a phase shift of 180°/N which allows
to benefit from a good ripple cancellation across the
output capacitor.

[0025] The duty cycle of such an asymmetric leg is
preferably between 0.1 and 0.45, more preferably be-
tween 0.25 and 0.4.

[0026] Preferably, notall switches of an asymmetricleg
are operated with the same duty cycle different from 0.5.
Rather afirst switch of an asymmetric leg is operated with
aduty cycle thatis greaterthan 0.5 and a second switch of
that asymmetric leg is operated with a duty cycle that is
smaller than 0.5. In order to avoid undefined states or
critical transitions when switching the switches from one
state to another, the deviation of the two duty cycles from
0.5 preferably is similar but not the same.

[0027] As outlined further above, the invention may be
applied in LLC converters with a full bridge or a half bridge
inverter at the input. Accordingly, in a preferred embodi-
ment of the invention, the bridge of the inverter of the
second LLC converter is a half bridge that is formed by
said at least one asymmetric leg. In this case, it is further
preferred that the inverter of the other LLC converters of
the interleaved LLC converter arrangement do have the
same structure and therefore do include a half bridge
inverter as well. However, the other LLC converter or
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converters may generally also have a different structure
and different bridge inverters such as for example a full
bridge inverter.

[0028] And in another preferred embodiment of the
invention, the bridge of the inverter of the second LLC
converter is a full bridge wherein a first leg of said full
bridge is formed by said at least one asymmetric leg.
[0029] Inthis case, itis again further preferred that the
inverter of the other LLC converters of the interleaved
LLC converter arrangement do have the same structure
and therefore do include a full bridge inverter as well.
However, the other LLC converter or converters may
generally also have a different structure and different
bridge inverters such as for example a half bridge inver-
ter.

[0030] The other leg, also designated as the second
leg of the full bridge inverter of the second LLC converter,
that includes the asymmetric leg may be operated in
different ways. It may be operated with a duty cycle of
0.5 or it may be operated with a duty cycle different from
0.5 as well. Both embodiments are possible and pre-
ferred. In the latter embodiment, the duty cycles for the
switches of the second leg may be the same as those of
the switches of the asymmetric leg. The duty cycles for
the switches of the second leg may however also chosen
to be different from those of the switches of the asym-
metric leg.

[0031] In the case of a full bridge inverter of an LLC
converter that includes the asymmetric leg, the switches
of the full bridge inverter may be operated without free-
wheeling intervals such that the corresponding switches
of the two legs do not conduct at the same time.

[0032] In a preferred embodiment of the invention, the
firstand the second leg are operated such as to provide at
leastone freewheeling interval. |.e. the switches of such a
full bridge inverter are operated such that the corre-
sponding switches of the two legs do conduct at the same
time resulting in freewheeling intervals. For example, the
upper switch of the first leg and the upper switch of the
second leg may be operated to have overlapping ON
times, such that a freewheeling current may flow through
one of these upper switches, through the resonant tank,
the transformer primary, the other one of these upper
switches and back to the first one of the upper switches.
Of course, freewheeling intervals may also be achieved
in operating the lower switches of the two legs with over-
lapping ON times.

[0033] As already mentioned above, the paralleled
LLC converters of an interleaved LLC converter arrange-
ment preferably have the same kind of inverter, either all
have a full bridge inverter or all have a half bridge inverter.
[0034] Accordingly, in an interleaved LLC converter
arrangement wherein the asymmetrically operated LLC
converter includes a full bridge inverter, the other LLC
converter or the other LLC converters do preferably also
include afull bridge inverter. And accordingly, both legs of
the full bridge inverter of at least one of these other LLC
converters are preferably operated with a duty cycle of
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0.5.

[0035] The switch control signals for the switches of the
bridge inverters are usually generated by a controller
which may apply any suitable control method such as
for example PID control. Such a control may either be an
open or a closed loop control.

[0036] In a preferred embodiment of the invention, the
switch control signals for operating the at least one leg
are generated using a closed Pl control loop that is based
on afeedback of an output current of each LLC converter.
The controller may however also be based on afeedback
of the input currents of the LLC converters. The term Pl
thereby refers to proportional-integral as known in the art.
Therefore, based on a feedback of the LLC converter
output currents a Pl compensator determines the duty
cycle for the switches of the LLC converters, generates
the respective control signals and provides these control
signals to the switches to switch them ON and OFF
accordingly. It would also be possible to use a pure |
compensator, i. e. without the proportional and the deri-
vative components, or more generally, compensators
with a similar structure as a PID compensator may be
used.

[0037] In another preferred embodiment of the inven-
tion, the output power of the interleaved LLC converter
arrangement is provided across an output capacitor con-
nected across the output side.

[0038] The invention further relates to a controller for
balancing the power transfer of an interleaved LLC con-
verter arrangement with two or more LLC converters from
an input side to an output side, wherein the two or more
LLC converters include a first LLC converter and a sec-
ond LLC converter connected in parallel on the input side
and on the output side, each LLC converter including an
inverter with a bridge having one or two legs at the input
side, a resonant tank connected to the inverter, a trans-
former with a primary and a secondary and an output
rectifier, the primary of the transformer being connected
to the resonant tank and the output rectifier being con-
nected to the secondary of the transformer.

[0039] According to the invention, the controller is
adapted to balance the power transfer by operating each
leg of the bridge of the inverter of the first LLC converter
with a duty cycle of 0.5 and operating at least one leg of
the bridge of the inverter of the second LLC converter that
transfers more power from the input side to the output
side than the first LLC converter with a duty cycle different
from 0.5.

[0040] Preferably, the controlleris adapted to generate
respective control signals for each switch of the bridge of
the inverter of the first LLC converter as well as for each
switch of the bridge of the inverter of the second LLC
converter and to provide these control signals to a re-
spective control input of said switches. Accordingly, the
interleaved LLC converter arrangementincludes a single
controller that generates and provides the control signals
for all the switches of each bridge inverter.

[0041] The controller may however be also adapted to
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generated and provide the control signals for only a part
of the switches of the bridge inverters whereas an addi-
tional controller generates and provides the control sig-
nals for the other switches of the bridge inverters. Oreach
LLC converter of the interleaved LLC converter arrange-
ment includes his own controller that generates and
provides the control signals for the switches of its own
bridge inverter.

[0042] As mentioned above, control of the interleaved
LLC converter arrangement may be based on different
feedback signals such as for example the input currents
of the LLC converters.

[0043] In a preferred embodiment of the invention,
control is however based on a feedback of the output
currents of the LLC converters. In the case of an inter-
leaved LLC converter arrangement with two LLC con-
verters, the controller therefore preferably includes a first
input to receive information representative of an output
current of the first LLC converter and a second input to
receive information representative of an output current of
the second LLC converter and the controlleris adapted to
generate the control signals in dependency of the infor-
mation received at the first and second input.

[0044] If the interleaved LLC converter arrangement
includes more than two LLC converters, the controller
accordingly includes an input for each LLC converter and
is adapted to generate the control signals in dependency
of the information received at each of these inputs.
[0045] The invention further relates to an interleaved
LLC converter arrangement for transferring power from
an input side to an output side, including a first LLC
converter and a second LLC converter connected in
parallel on the input side and on the output side, and
wherein each LLC converter includes an inverter with a
bridge having one ortwo legs atthe input side, a resonant
tank connected to the inverter, a transformer with a
primary and a secondary and an output rectifier wherein
the primary of the transformer is connected to the reso-
nant tank and the output rectifier is connected to the
secondary of the transformer

[0046] According to the invention, the interleaved LLC
converter arrangementincludes a controller according to
the invention as described hereinbefore.

[0047] In a further preferred embodiment of the inven-
tion, the interleaved LLC converter arrangementincludes
an output capacitor connected across the output side of
the interleaved LLC converter across with the output
power of the interleaved LLC converter arrangement is
provided.

[0048] Other advantageous embodiments and combi-
nations of features come out from the detailed description
below and the entirety of the claims.

Brief description of the drawings

[0049]
show:

The drawings used to explain the embodiments
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an embodiment of the invention with two in-
terleaved LLC converters;

Fig. 1

Fig. 2 a general representation of an LLC converter;
a more detailed representation of an LLC
converter with a full bridge inverter for use in
the invention;

Fig. 4 a schematic timing diagram of some values of
another embodiment of the invention with an
LLC converter having a full bridge inverter;
Fig. 5 a schematic timing diagram of some values of
a further embodiment of the invention with an
LLC converter having a full bridge inverter;
Fig. 6 a schematic timing diagram of some values of
another embodiment of the invention with
freewheeling intervals;

Fig. 7 a more detailed representation of an LLC
converter with a half bridge inverter for use
in the invention;

Fig. 8 a schematic representation of a transistor for
use as a switch in an inverter and in an output
rectifier of an LLC converter according to the
invention;

Fig. 9 a schematic timing diagram of some values of
an embodiment of the invention with an LLC
converter having a half bridge inverter;

Fig. 10 a schematic representation of the general
structure of a controller according to the in-
vention;

Fig. 11 a schematic representation of a controller ac-
cording to the invention for use in an inter-
leaved LLC converter with two parallel LLC
converters each having a half bridge inverter;
Fig. 12  aschematic timing diagram of some values of
the controller shown in fig. 11 and;

Fig. 13 a schematic representation of another con-
troller according to the invention for use in
aninterleaved LLC converter with two parallel
LLC converters each having a full bridge in-
verter.

[0050] In the figures, the same components are given
the same reference symbols.

Preferred embodiments

[0051] Fig. 1 shows an embodiment of the invention
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with two interleaved LLC converters 1.1, 1.2. Both LLC
converters 1.1, 1.2 are connected in parallel. |. e. they are
connected in parallel on the input side 3 and they are
connected in parallel on the output side 4. An input
voltage 5 is provided to the input side 3 and on the output
side 4 an output voltage 6 is provided across an output
capacitor 7.

[0052] The converter arrangement with the two inter-
leaved LLC converters 1.1, 1.2 further includes a con-
troller 9 that receives two input signals 11.1, 11.2 where
the input signal 11.1 is representative of the output cur-
rent10.1 of the first LLC converter 1.1 and where the input
signal 11.2 is representative of the output current 10.2 of
the second LLC converter 1.2. The output currents 10.1,
10.2 are determined as known in the art for example by
means of current transformers or other measurement
devices for measuring a current.

[0053] Based on these input signals 11.1, 11.2 the
controller 9 generates the switch control signals 13.1,
13.2 for balancing a power transfer of the two LLC con-
verters 1.1, 1.2 and provides these switch control signals
13.1,13.2 to the LLC converters 1.1, 1.2. It is to note that
each of the switch control signals 13.1, 13.2 may include
one or more switch control signals where each of them
may be used to control only a part of the switches of the
inverters of the LLC converters 1.1, 1.2.

[0054] Assuming that the second LLC converter 1.2 is
transferring more power from the input side 3 to the
output side 4 than the first LLC converter 1.1, the LLC
converter 1.2 is operated in an asymmetric mode accord-
ing to the invention thereby actively reducing the power
transfer of the second LLC converter 1.2 and accordingly
balancing the output power of the two LLC converters 1.1,
1.2. This means that at least one of the switch control
signals 13.2 for the switches of the inverter of LLC con-
verter 1.2 is suited to asymmetrically control at least one
leg of the inverter of LLC converter 1.2.

[0055] The controller 9 may also receive further input
signals that are considered when generating the switch
control signals 13.1, 13.2. The controller 9 may also
perform other task such as power transfer control or other
tasks. The controller 9 may also be divided into two
separate controllers that each controls the switches of
one of the LLC converters 1.1, 1.2. In this case, both
separate controllers do receive the two input signals
representing the output currents 10.1, 10.2 of the single
LLC converters 1.1, 1.2.

[0056] The converter arrangement shown in fig. 1 may
also include further LLC converters connected in parallel
to the LLC converters 1.1, 1.2.

[0057] Fig.2shows ageneral representation ofanLLC
converter 21. The LLC converter 21 includes an inverter
23 atits input that receives an input voltage 5, a resonant
tank 25, a transformer 27 and an output rectifier 29 which
provides the output voltage 6’ of the LLC converter 21.

[0058] Two or more such LLC converters may be con-
nected in parallel such as to provide an interleaved LLC
converter arrangement with a common input voltage 5
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and a combined output voltage provided across a com-
mon output capacitor (not shown in fig. 2), where the
output voltage 6’ of each LLC converter is connected in
parallel.

[0059] Fig. 3 shows a more detailed, exemplary repre-
sentation of an LLC converter 31 with afull bridge inverter
33 for use in the invention. The full bridge inverter 33 is
arranged at the input side of the LLC converter 31 and
receives an input voltage 5 connected to two input term-
inals 41, 42. The full bridge inverter 33 includes two
branches or legs of switches. A first branch includes
the switches S1 and S3 that are connected in series
between the two input terminals 41, 42 of the LLC con-
verter 31 and a second branch includes the switches S2
and S4 that are also connected in series between the two
inputterminals 41,42 of the LLC converter 31. The output
of the full bridge inverter 33 is provided between the
centre tap 44 of the first branch and the centre tap 45
of the second branch. The switches S1, S2, S3, S4 are
controllable switches.

[0060] Aresonanttank 35 is connected to the output of
the full bridge inverter 33 and includes a resonant induc-
tance Lr connected to a firstinput terminal of the resonant
tank 35, a resonating capacitor Cr connected to a second
input terminal of the resonant tank 35 and a magnetizing
inductance Lm connected across the output of the reso-
nant tank 35.

[0061] The resonant tank 35 is followed by a transfor-
mer T which has a centre tap 48 in its secondary.
[0062] The outer terminals of the transformer second-
ary are connected to a rectifier 39 including two synchro-
nous rectifiers SR1, SR2 each connected to a different
one of the outer transformer terminals. The other term-
inals of the synchronous rectifier switches SR1, SR2 are
connected to a first output terminal 47 of the rectifier and
therewith also of the LLC converter 31. The centre tap 48
of the transformer T is the second output terminal of the
rectifier 39 and accordingly also of the LLC converter 31.
[0063] Whereas the output rectifier is shown as a cen-
tre-tapped full wave rectifier, the rectifier may, depending
on the particular application, also be implemented as a
full wave bridge rectifier with four rectifying elements. Or
the rectifier may be implemented as a half wave rectifier.
[0064] Andall ora partofthe rectifying elements, i. e.in
the example shown in fig. 3 of the synchronous rectifier
switches SR1, SR2, may also be replaced by diodes.
[0065] Assuming an interleaved LLC converter ar-
rangement with two LLC converters each including a full
bridge inverter such as for example shown in fig. 3. In this
example, the second LLC converter does transfer more
power than the first LLC converter. According to the
invention, the first LLC converter is operated with a duty
cycle of 0.5, which means that all four switches of the full
bridge inverter of the first LLC converter are operated with
a duty cycle of 0.5. Now, in order to balance the power
transfer of the two LLC converters, at least one leg of the
full bridge inverter of the second LLC converter is oper-
ated with a duty cycle different from 0.5.
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[0066] In one example just a single leg of the second
full bridge inverter is operated with a duty cycle different
from 0.5. Particularly, one of the switches of that leg is
switched ON and OFF with a duty cycle greater than 0.5
and the other one of the switches of that leg is switched
ON and OFF with a duty cycle smaller than 0.5.

[0067] Fig. 4 shows a schematic timing diagram of the
ON and OFF times of the four switches S1, S2, S3, S4 of
the asymmetrically operated full bridge inverter. The
asymmetrically operated leg includes switches S2 and
S4 and the symmetrically operated leg includes switches
S1and S3. Line 50 shows the ON and OFF time of switch
S1, line 51 shows the ON and OFF time of switch S2, line
52 shows the ON and OFF time of switch S3 and line 53
shows the ON and OFF time of switch S4. As can be seen
in fig. 4, the duty cycle of switches S1 and S3 is 0.5, the
duty cycle of switch S2 is about 0.35 and the duty cycle of
switch S4 is about 0.65.

[0068] Taking a closer look, it can be noticed that the
duty cycle of switch S2 is slightly below 0.35 and the one
of switch S4 slightly below 0.65 so that switch S4 is
switched OFF shortly before switch S2 is switched ON
and vice versa.

[0069] Fig 4 further shows the resulting output current
lout of the interleaved LLC converter arrangement as line
54.

[0070] The ordinate axis shows the time in microse-
conds and the abscissa axes show the states of the
switches with 0 = OFF and 1 = ON or for the output
current lout the amount of current in amperes.

[0071] Fig. 5 shows another example where both legs
of the second full bridge inverter are operated asymme-
trically with a duty cycle differentfrom 0.5. Particularly, the
upper switch of the first leg and the lower switch of the
second leg are operated with a duty cycle greaterthan 0.5
and the lower switch of the firstleg and the upper switch of
the second leg are operated with a duty cycle smaller
than 0.5.

[0072] Fig. 5 shows a schematic timing diagram of the
ON and OFF times of the four switches S1, S2, S3, S4 in
this example. The first asymmetrically operated leg in-
cludes switches S1 and S3 and the second asymmetri-
cally operated leg includes switches S2 and S4. Line 60
shows the ON and OFF time of switch S1, line 61 shows
the ON and OFF time of switch S2, line 62 shows the ON
and OFF time of switch S3 and line 63 shows the ON and
OFF time of switch S4. In the example shown in fig. 5, the
duty cycle of switches S1 and S4 is about 0.38 and the
duty cycle of switches S2 and S3 is about 0.62.

[0073] Taking a closer look, it can be noticed that the
duty cycles of switches S2 and S3 is slightly below 0.38
and the one of switches S1 and S4 slightly below 0.62 so
that switches S1 and S4 are switched OFF shortly before
switches S2 and S3 are switched ON and vice versa.
[0074] Fig 5 further shows the resulting output current
lout of the interleaved LLC converter arrangement as line
64.

[0075] The ordinate axis shows the time in microse-
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conds and the abscissa axes show the states of the
switches with 0 = OFF and 1 = ON or for the output
current lout the amount of current in amperes.

[0076] Fig. 6 shows a further example where both legs
of the second full bridge inverter are operated asymme-
trically with a duty cycle different from 0.5. In this exam-
ple, the upper switch of the first leg and the upper switch
of the second leg are operated with a duty cycle smaller
than 0.5 and the lower switch of the first leg and the lower
switch of the second leg are operated with a duty cycle
greater than 0.5.

[0077] Fig. 6 shows a schematic timing diagram of the
ON and OFF times of the four switches S1, S2, S3, S4in
this example. The first asymmetrically operated leg in-
cludes switches S1 and S3 and the second asymmetri-
cally operated leg includes switches S2 and S4. Line 90
shows the ON and OFF time of switch S1, line 91 shows
the ON and OFF time of switch S2, line 92 shows the ON
and OFF time of switch S3 and line 93 shows the ON and
OFF time of switch S4. In the example the duty cycle of
switches S1 and S2 is about 0.38 and the duty cycle of
switches S3 and S4 is about 0.62.

[0078] Taking a closer look, it can be noticed that the
duty cycles of switches S3 and S4 is slightly below 0.62
and the one of switches S1 and S2 slightly below 0.38 so
that switches S1 and S4 are switched OFF shortly before
switches S2 and S3 are switched ON and vice versa.
[0079] In this example however, the control signals for
switching the switches are chosen such that the ON time
of switch S3 starts before the ON time of switch S4 ends
and such that the ON time of switch S4 starts before the
ON time of switch S3 ends. These overlapping ON times
of switches S3, S4 are shown as the freewheeling inter-
vals 97 in fig. 6.

[0080] Fig 6 further shows the resulting output current
lout of the interleaved LLC converter arrangement as line
94.

[0081] The ordinate axis shows the time in microse-
conds and the abscissa axes show the states of the
switches with 0 = OFF and 1 = ON or for the output
current lout the amount of current in amperes.

[0082] Fig. 7 shows a more detailed, exemplary repre-
sentation of an LLC converter 71 with a half bridge
inverter 73 for use in the invention. The half bridge
inverter 73 is arranged at the input side of the LLC
converter 71 and receives an input voltage 5 connected
to two input terminals 81, 82. The half bridge inverter 73
includes a single branch or leg of switches. The branch
includes the switches S1 and S2 that are connected in
series between the two input terminals 81, 82 of the LLC
converter 71. Acentre tap 84 is provided between the two
switches S1, S2.

[0083] Aresonanttank 75 is connected to the output of
the half bridge inverter 73 and includes a resonant in-
ductance Lr connected to a first input terminal of the
resonant tank 75 which itself is connected to the centre
tap 84. The otherterminal of the resonantinductance Lris
connected to afirst outputterminal of the resonanttank. A
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magnetizing inductance Lm is connected across the out-
put of the resonant tank 75, i. e. to the first output terminal
and a second output terminal of the resonanttank 75. The
resonant tank 75 further includes a resonant capacitor
which is split into two separate resonant capacitors Cr1,
Cr2 in this example. Resonant capacitor Cr1 is con-
nected between the first input terminal 81 and a centre
tap 85 which itself is connected to the second output
terminal of the resonant tank 75. And resonant capacitor
Cr2 is connected between the second input terminal 82
and the centre tap 85.

[0084] The output of the half bridge inverter 73 is
provided between the centre tap 84 of the first branch
of switches and the centre tap 85 of a second branch that
includes the two resonant capacitors Cr1, Cr2. The
switches S1, S2 are controllable switches.

[0085] The resonant tank 75 is followed by a transfor-
mer T which has a centre tap 88 in its secondary.
[0086] The outer terminals of the transformer second-
ary are connected to a rectifier 79 including two synchro-
nous rectifiers SR1, SR2 each connected to a different
one of the outer transformer terminals. The other term-
inals of the synchronous rectifier switches SR1, SR2 are
connected to a first output terminal 87 of the rectifier and
therewith also of the LLC converter 71. The centre tap 88
of the transformer T is the second output terminal of the
rectifier 79 and accordingly also of the LLC converter 71.
[0087] Whereas the output rectifier is shown as a cen-
tre-tapped full wave rectifier, the rectifier may, depending
on the particular application, also be implemented as a
full wave bridge rectifier with four rectifying elements. Or
the rectifier may be implemented as a half wave rectifier.
[0088] Andallora partofthe rectifying elements,i.e.in
the example shown in fig. 7 of the synchronous rectifier
switches SR1, SR2, may also be replaced by diodes.
[0089] Fig. 8 schematic shows a transistor suitable for
use as a switch in an inverter and in an output rectifier of
an LLC converter according to the invention. The tran-
sistor shown in fig. 8 is an N-channel MOSFET 99 of the
enhancement type. Also shown is the body diode of the
transistor which provides a path for a freewheeling cur-
rent when the MOSFET 99 is connected with inductive
loads, for example an LLC converter as in the invention.
[0090] Depending on the particular application, other
electrically controllable switches such as other transis-
tors may however be used as well.

[0091] Now assuming an interleaved LLC converter
arrangement with two LLC converters each including a
half bridge inverter such as for example showninfig. 7. In
this example, the second LLC converter does transfer
more power than the first LLC converter. According to the
invention, the first LLC converter is operated with a duty
cycle of 0.5, which means that both switches of the half
bridge inverter of the first LLC converter are operated with
a duty cycle of 0.5. Now, in order to balance the power
transfer of the two LLC converters, both switches of the
single leg of the half bridge inverter of the second LLC
converter are operated with a duty cycle different from
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0.5. Particularly, one of the switches of thatleg is switched
ON and OFF with a duty cycle greater than 0.5 and the
other one of the switches of that leg is switched ON and
OFF with a duty cycle smaller than 0.5.

[0092] Fig. 9 shows a schematic timing diagram of the
ON and OFF times of the two switches S1, S2 of the
asymmetrically operated half bridge inverter. Line 100
shows the ON and OFF time of switch S1 and line 101
shows the ON and OFF time of switch S2. As can be seen
in fig. 9, the duty cycle of switch S1 is about 0.38 and the
duty cycle of switch S2 is about 0.62.

[0093] Again, the duty cycle of switch S2 is slightly
below 0.38 and the one of switch S1 slightly below
0.62 so that switch S2 is switched OFF shortly before
switch S1 is switched ON and vice versa.

[0094] Fig 9 further shows the resulting output current
lout of the interleaved LLC converter arrangement as line
104.

[0095] The ordinate axis shows the time in microse-
conds and the abscissa axes show the states of the
switches with 0 = OFF and 1 = ON or for the output
current lout the amount of current in amperes.

[0096] Fig. 10 shows the general structure of a con-
troller 109 according to the invention. In this embodiment,
the controller is adapted to control the power transfer of
two parallel arranged LLC converters. The output current
lout1, lout2 of each of the two converters serves as an
input for the controller 109, where the output currents
lout1, lout2 are usually averaged values of the respective
currents. An adder 111 forms an error signal 112 by
determining the difference of the two output currents
lout1 and lout2. This error signal 112 is fed to a PI
compensator 110 which provides the bipolar duty cycle
value 113 based on the error signal 112. A further adder
111 forms a comparison signal 116 by subtracting the
bipolar duty cycle value 113 from a carrier signal 117. The
carrier signal 117 is a regular triangular signal having a
particular frequency. The comparison signal 116 is fed to
a comparator 119 that produces one or more switch
control signals 127 for controlling a switching of the
switches of the input inverters of the LLC converters.
The frequency of the carrier signal determines the fre-
quency of the control signals and thus the switching
frequency of the inverters of the LLC converters.
[0097] A particular switch control signal 127 is for ex-
ample produced by the comparator 119 by outputting a
positive signal if the corresponding comparison signal
116 is above zero and outputting a zero signal if the
corresponding comparison signal 116 is below zero.
[0098] Depending on the particular application of the
controller 109, at least two switch control signals 127 are
provided at the output of the controller 109. One of these
switch control signals 127 is used for controlling the
switches of one leg of the bridge of an inverter of one
of the LLC converters having a duty cycle different from
0.5 and the other one of the switch control signals 127 is
used for controlling the switches of one leg of the bridge of
aninverter of the other one ofthe LLC convertershavinga
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duty cycle of 0.5. The different switch control signals 127
are produced by using different carrier signals. Thereby,
the different carrier signals just differ from each other in
thatthey are shifted against each other by a certain angle.
That angle usually is 90° or a multiple thereof.

[0099] Although the controller 109 uses the output
currents of the LLC converters as input, itis also possible
that the averaged input current of each of the two con-
verters is used as an input for the controller 109.
[0100] Fig. 11 shows a controller 209 according to the
invention for use in aninterleaved LLC converter with two
parallel LLC converters each having a half bridge inver-
ter.

[0101] Again, the output current lout1, lout2 of each of
the two LLC converters serves as an input for the con-
troller 209. Again, the output currents lout1, lout2 are
averaged values of these output currents. The adder 111
forms an error signal 112 by subtracting the output cur-
rentlout2 of the inverter of the second LLC converter from
the output current lout1 of the inverter of the first LLC
converter. This error signal 112 is fed to a Pl compensator
110. In this example, the controller 209 further includes
an anti-windup device that is formed by the Pl compen-
sator and a limiter 214. The limiter 214 that prevents
further accumulation of the error signal 112 by the integral
part of the Pl compensator 110 in case the Pl compen-
sator 110 enters oris in the limiters saturation range. The
limiter 214 limits the output of the Pl compensator 110 for
too high magnitudes of both the positive and the negative
values . The influence of the limiter 214 on the PI com-
pensator is indicated by the arrow 215.

[0102] The controller 209 includes two different paths
where each path is adapted to provide the switch control
signals for the single leg of the inverter of one particular
LLC converter. The upper path receives the limited bipo-
lar duty cycle value 213 and a further limiter 221.1 limits
the bipolar duty cycle value 213 to positive values, which
corresponds to the portion of the bipolar duty cycle value
213 thatis above zero, in particular between zero and the
upper limiting value of the limiter 214. This limited output
signal is designated as upper intermediate duty cycle
value 218.1 and is provided at the output of the limiter
221.1.

[0103] The lower path receives the inverted limited
bipolar duty cycle value 213, where the inversion of the
bipolar duty cycle value 213 is indicated by the inverter
222. Afurtherlimiter 221.2 then limits the inverted bipolar
duty cycle value 213 to positive values, which corre-
sponds to the inverted portion of the bipolar duty cycle
value 213 that is below zero, in particular between zero
and the lower limiting value of the limiter 214. This limited
output signal is designated as lower intermediate duty
cycle value 218.2 and is provided at the output of the
limiter 221.2.

[0104] The absolute values of the upper and the lower
limiting value of the limiter 214 are usually identical.
[0105] In the upper path, an adder 111 forms a first
comparison signal 216.1 by subtracting the upper inter-
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mediate duty cycle value 218.1 from a first carrier signal
217 .1. In this example too, the carrier signal 217.1 is a
regular triangular signal having a particular frequency.
The first comparison signal 216.1 is fed to two different
comparators 219.1, 219.2 where the first comparator
219.1 produces a first comparator output 223.1 which
is outputted as a positive signal if the first comparison
signal 216.1 is above zero and which is outputted as a
zero signal otherwise. The first comparator output 223.1
is then fed to a dead time device 224 which inserts a dead
time into the first comparator output 223.1 such that the
rising edge of the first comparator output 223.1 is slightly
delayed in the finally outputted switch control signal
227.1. Such a dead time or interlock delay prevents
the two switches of the same leg from being closed at
the same time, which would cause a short circuit.
[0106] The second comparator 219.2 produces a sec-
ond comparator output 223.2 which is outputted as a
positive signal if the first comparison signal 216.1 is below
zero and which is outputted as a zero signal otherwise.
The second comparator output 223.2 is then fed to adead
time device 224 which again inserts a dead time similar to
the first comparator output 223.1 and then outputs the
final switch control signal 227.2.

[0107] In the lower path, an adder 111 forms a second
comparison signal 216.2 by subtracting the output of the
limiter 221.2 from a second carrier signal 217.2. Again,
the carrier signal 217.2 is a regular triangular signal
having a particular frequency but is shifted by +90°
compared to the first carrier signal 217.1. The second
comparison signal 216.2 is fed to two different compara-
tors 219.3, 219.4 where the first comparator 219.3 pro-
duces a third comparator output 223.3 which is outputted
as a positive signal if the second comparison signal 216.2
is above zero and which is outputted as a zero signal
otherwise. The third comparator output 223.3 is then fed
to a dead time device 224 which inserts a dead time into
the third comparator output 223.3 such that the rising
edge of the third comparator output 223.3 is slightly
delayed in the finally outputted switch control signal
227.3.

[0108] The fourth comparator 219.4 produces a fourth
comparator output 223.4 which is outputted as a positive
signal if the second comparison signal 216.2 is below
zero and which is outputted as a zero signal otherwise.
The fourth comparator output 223.4 is then fed to a dead
time device 224 which again inserts a dead time similar to
the third comparator output 223.3 and then outputs the
final switch control signal 227.4.If the absolute value of
the upper limiting value of the limiter 214 is defined to
have a value of 1, the triangular carrier signals 217.1,
217.2 are provided with an amplitude of 0.5. Accordingly,
if the error signal 112 is zero, the bipolar duty cycle value
213 and therewith also the upper intermediate duty cycle
value 218.1, and the lower intermediate duty cycle value
218.2 are zero as well. Then, the first and second com-
parison signals 216.1, 216.2 correspond to the carrier
signals 217.1, 217.2 respectively which leads to switch
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control signals 227.1, 227.2, 227.3, 227.4 with a duty
cycle of 0.5. If however the error signal 112 is different
from zero, the bipolar duty cycle value 213 and therewith
also one of the upper intermediate duty cycle value 218.1
or the lower intermediate duty cycle value 218.2 are
different from zero, which leads to switch control signals
in that path with a duty cycle different from 0.5. The other
one of the upper intermediate duty cycle value 218.1 or
the lower intermediate duty cycle value 218.2 is zero
which leads to switch control signals in that path with a
duty cycle of 0.5.

[0109] Although the controller 209 uses the output
currents of the LLC converters as input, itis also possible
that the averaged input current of each of the two con-
verters is used as an input for the controller 209.

[0110] Fig. 12 shows a schematic timing diagram of
some values of the controller 209 shown in fig. 11. In the
example shown, the output current lout2 of the second
LLC converter is higher than the output current lout1 of
the first LLC converter such that the output current lout2
ofthe second LLC converter has to be reduced in order to
balance the two LLC converters.

[0111] The error signal 112 becomes negative where-
fore the lower intermediate duty cycle value 218.2 takes a
positive value as shown in fig. 12 and the upper inter-
mediate duty cycle value 218.1 remains zero. Accord-
ingly, the first comparison signal 216.1 is identical to the
carrier signal 217.1 which in turn means that the final
switch control signals 227.1, 227.2 are generated with a
duty cycle of 0.5 (apart from the inserted dead time). But
the second comparison value 216.2 corresponds to the
carrier signal 217.2 lowered by the amount of the upper
intermediate duty cycle value 218.2 as shown in fig. 12.
The resulting comparator outputs 223.3, 223.4 are
shown in fig. 12 as well where the comparator output
223.3 has a duty cycle below 0.5 and the comparator
output 223.4 has a duty cycle above 0.5. In this example,
the resulting switch control signals 227.1, 227.2 are used
for controlling the switches of the first LLC converter and
the resulting switch control signals 227.3, 227 .4 are used
for controlling the switches of the second LLC converter
such that the power transfer of the second LLC converter
is lowered which in turn balances the power transfer of
the two LLC converters as required.

[0112] The ordinate axis of fig. 12 shows the time in
microseconds and the abscissa axes show the ampli-
tudes scaled to 1 which means that the comparator out-
puts 223.3, 223.4 are between zero and 1 and that the
second comparison signal 216.2 is between plus and
minus 1.

[0113] Fig. 13 shows a schematic representation of
another controller 309 according to the invention. The
controller 309 may for example be used in an interleaved
LLC converter with two LLC converters each having a full
bridge inverter such as for example shown in fig. 3 and
being operated with freewheeling intervals such as
shown in fig. 6 and described in the description thereto.
In connection with the controller 309, the switches of the
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full bridge inverter of the second LLC converter are
designated as switches S1, S2, S3 and S4 as numbered
in fig. 3. And the switches of the full bridge inverter of the
first LLC converter are designated as switches S5, S6, S7
and S8 analogous to the switch numbering in fig. 3.
[0114] Again, it is assumed that the second LLC con-
verter is transferring more power than the first LLC con-
verter. Accordingly, the second LLC converter has to be
operated with a duty cycle different from 0.5 and the first
LLC converter is operated with a duty cycle of 0.5 which
leads to a power balancing as required.

[0115] The first part of controller 309, i. e. including the
generation of the error signal 112 by subtracting the mean
value of the output current lout2 of the second LLC
converter from the mean value of the output current lout1
ofthe first LLC converter, determining a bipolar duty cycle
value 213 via a Pl compensator and a limiter and deter-
mining an upper intermediate duty cycle value 318.1 and
alower intermediate duty cycle value 318.2 is identical to
the controller 209 shown in fig. 11 and described in
connection therewith.

[0116] However, as more switches have to be con-
trolled in this example, the second part of the controller
309 differs from controller 209. The upper intermediate
duty cycle value 318.1 is not fed to a single adder but to
two different adders 111 where the upper intermediate
duty cycle value 318.1 is subtracted from a carrier signal
317.1 and 317.2 respectively thereby providing the first
and second comparison signals 316.1, 316.2 respec-
tively. Again, the carrier signal 317.1 is a regular trian-
gular signal having a particular frequency and an ampli-
tude of 0.5 compared with the limiting values of the limiter
214. The carrier signal 317.2 is the same as the carrier
signal 317.1 but shifted by an angle of 180°.

[0117] Similarly, the lower intermediate duty cycle va-
lue 318.2is subtracted from two carrier signals 317.3 and
317.4 respectively thereby providing a third and fourth
comparison signals 316.3, 316.4 respectively. The car-
rier signals 317.3, 317.4 are regular triangular signals as
well having the same frequency and amplitude as the
other carriers. But the carrier signal 317.3 is shifted in
relation to carrier signal 317.1 by an angle of 90° and the
carrier signal 317.4 is shifted in relation to carrier signal
317.1 by an angle of 270°.

[0118] As in controller 209, the first comparison signal
316.1 s fed to two different comparators 319.1,319.2 and
the second comparison signal 316.2 is fed to two different
comparators 319.3, 319.4. In the lower half of controller
309, the third comparison signal 316.3 is fed to compara-
tors 319.5, 319.6 and the fourth comparison signal 316.4
is fed to comparators 319.7, 319.8. The comparators
319.1 - 319.8 generate the corresponding comparator
outputs 323.1, 323.2, 323.3, 323.4, 323.5, 323.6, 323.7,
323.8 in the same way as described in connection with
controller 209 and the final switch control signals 327.1,
327.2,327.3, 327.4, 327.5, 327.6, 327.7, 327.8 are also
generated in the same way as described in connection
with controller 209 by inserting a dead time.
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[0119] In this embodiment, the resulting switch control
signals are used for controlling the switches of the first
and second LLC converters as follows:

- switch control signal 327.1 is used to control switch
S6,

- switch control signal 327.1 is used to control switch
S8,

- switch control signal 327.3 is used to control switch
S5,

- switch control signal 327.4 is used to control switch
S7,

- switch control signal 327.5 is used to control switch
S2,

- switch control signal 327.6 is used to control switch
S4,

- switch control signal 327.7 is used to control switch
S1,

- switch control signal 327.8 is used to control switch
S3.

[0120] In this embodiment, the error signal 112 be-
comes negative wherefore the lower intermediate duty
cycle value 318.2 takes a positive value and the upper
intermediate duty cycle value 318.1 remains zero. Ac-
cordingly, the switch control signals 327.1 - 327.4 be-
come 0.5 which means that the first LLC converter with
the switches S5 - S8 is operated with a duty cycle of 0.5.
[0121] And as described in connection with controller
209, the switch control signals 327.5 - 327.8 do have the
same duty cycle different from 0.5 but shifted against
each other according to the shift of the corresponding
carrier signals. And as previously outlined, the switch
control signals 327.5 is below 0.5 and the switch control
signal 327.6 is above 0.5 by the same amount such that
the switches S2, S4 of the same leg of the second full
bridge inverter are operated complementarily. The same
applies to switch control signals 327.7 and 327.8 for
operating the switches S1, S3 of the other leg of the
second full bridge inverter.

[0122] Accordingly, the power transfer of the second
LLC converter is lowered which in turn balances the
power transfer of the two LLC converters as required.
[0123] Although the controller 309 uses the output
currents of the LLC converters as input, itis also possible
that the averaged input current of each of the two con-
verters is used as an input for the controller 309.
[0124] In summary, it is to be noted that the invention
enables to provide a method for balancing the power
transfer in an interleaved LLC converter arrangement
with two or more LLC converters connected in parallel
and a corresponding controller that may be used in LLC
converters with a full bridge or a half bridge inverters at
the input side and that do not require additional compo-
nents.
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Aspects
[0125]

1. Method for balancing a power transfer of an inter-
leaved LLC converter arrangement with two or more
LLC converters from an input side to an output side,
wherein the two or more LLC converters include a
first LLC converter and a second LLC converter
connected in parallel on the input side and on the
output side, wherein each LLC converterincludes an
inverter with a bridge having one or two legs at the
input side, a resonant tank connected to the inverter,
a transformer with a primary and a secondary and an
output rectifier, wherein the primary of the transfor-
mer is connected to the resonant tank and the output
rectifier is connected to the secondary of the trans-
former, characterised by balancing the power trans-
fer by operating each leg of the bridge of the inverter
of the first LLC converter with a duty cycle of 0.5 and
operating at least one leg of the bridge of the inverter
of the second LLC converter that transfers more
power from the input side to the output side than
the first LLC converter with a duty cycle different from
0.5.

2. Method according to claim 1, wherein a first switch
of said at least one leg is operated with a duty cycle
that is greater than 0.5 and wherein a second switch
of said at least one leg is operated with a duty cycle
that is smaller than 0.5.

3. Method according to claim 1, wherein the bridge of
the inverter of the second LLC converter is a half
bridge that is formed by said at least one leg.

4. Method according to claim 1, wherein the bridge of
the inverter of the second LLC converter is a full
bridge and wherein a first leg of said full bridge is
formed by said at least one leg.

5. Method according to claim 4, including operating a
second leg of said full bridge with a duty cycle of 0.5.

6. Method according to claim 4, including operating a
second leg of said full bridge with a duty cycle dif-
ferent from 0.5.

7. Method according to claim 6, including operating
the first leg and the second leg such as to provide at
least one freewheeling interval.

8. Method according to any one of claims 4 to 7,
wherein the bridge of the inverter of the first LLC
converter is a full bridge with two legs and wherein
both legs are operated with a duty cycle of 0.5.

9. Method according to any one of claims 1 to 8,
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including generating switch control signals for oper-
ating the at least one leg using a closed PI control
loop based on a feedback of an output or an input
current of each LLC converter.

10. Method according to any one of claims 1 to 9,
including providing an output power of the inter-
leaved LLC converter arrangement across an output
capacitor connected across the output side.

11. A controller for balancing a power transfer of an
interleaved LLC converter arrangement with two or
more LLC converters from an input side to an output
side, wherein the two or more LLC converters in-
clude a first LLC converter and a second LLC con-
verter connected in parallel on the input side and on
the output side, each LLC converter including an
inverter with a bridge having one or two legs at the
input side, a resonant tank connected to the inverter,
atransformer with a primary and a secondary and an
output rectifier, the primary of the transformer being
connected to the resonant tank and the output rec-
tifier being connected to the secondary of the trans-
former, characterised in that the controlleris adapted
to balance the power transfer by operating each leg
of the bridge of the inverter of the first LLC converter
with a duty cycle of 0.5 and operating at least one leg
of the bridge of the inverter of the second LLC con-
verter that transfers more power from the input side
to the output side than the first LLC converter with a
duty cycle different from 0.5.

12. The controller according to claim 11, wherein the
controller is adapted to generate respective switch
control signals for each switch of the bridge of the
inverter of the first LLC converter as well as for each
switch of the bridge of the inverter of the second LLC
converter and to provide these switch control signals
to a respective control input of said switches.

13. The controller according to any one of claims 11
to 12, wherein the controller includes a first input to
receive information representative of an output cur-
rent of the first LLC converter and a second input to
receive information representative of an output cur-
rent of the second LLC converter and wherein the
controller is adapted to generate the switch control
signals in dependency of the information received at
the first and second input.

14. An interleaved LLC converter arrangement for
transferring power from an input side to an output
side, including a first LLC converter and a second
LLC converter connected in parallel on the input side
and on the output side, and wherein each LLC con-
verter includes an inverter with a bridge having one
or two legs at the input side, a resonant tank con-
nected to the inverter, a transformer with a primary
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and a secondary and an output rectifier wherein the
primary of the transformer is connected to the reso-
nant tank and the output rectifier is connected to the
secondary of the transformer, characterised in that
the interleaved LLC converter arrangementincludes
a controller according to any one of claims 11 to 13.

15. The interleaved LLC converter arrangement ac-
cording to claim 14, including an output capacitor
connected across the output side of the interleaved
LLC converter.

Claims

Method for balancing a power transfer of an inter-
leaved LLC converter arrangement with two or more
LLC converters (1.1, 1.2) from an input side (3) to an
output side (4), wherein the two or more LLC con-
verters include a first LLC converter (1.1) and a
second LLC converter (1.2) connected in parallel
on the input side (3) and on the output side (4),
wherein each LLC converter (1.1, 1.2) includes an
inverter (23) with a bridge having one or two legs at
the input side (3), a resonant tank (25) connected to
the inverter (23), a transformer (27) with a primary
and a secondary and an output rectifier (29), wherein
the primary of the transformer (27) is connected to
the resonant tank (25) and the output rectifier (29) is
connected to the secondary of the transformer (27),
wherein the power transfer is balanced by operating
each leg of the bridge of the inverter (23, 33, 73) of
the first LLC converter (1.1) with a duty cycle of 0.5
and operating at least one leg of the bridge of the
inverter (23, 73) of the second LLC converter (1.2)
that transfers more power from the input side (3) to
the output side (4) than the first LLC converter (1.1)
with a duty cycle different from 0.5, characterised in
that the bridge of the inverter (23, 73) of the second
LLC converter (1.2) is a half bridge that is formed by
said at least one leg, wherein a first switch (S51) of
said atleast one leg is operated with a duty cycle that
is greater than 0.5 and wherein a second switch (S2)
of said at least one leg is operated with a duty cycle
that is smaller than 0.5.

Method according to claim 1, including generating
switch control signals for operating the at least one
leg using a closed PI control loop (110) based on a
feedback of an output or aninput currentofeach LLC
converter (1.1, 1.2).

Method according to any one of claims 1 to 2, in-
cluding providing an output power (6) of the inter-
leaved LLC converter arrangement across an output
capacitor (7) connected across the output side (4).

A controller (9) for balancing a power transfer of an
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interleaved LLC converter arrangement with two or
more LLC converters (1.1, 1.2) from an input side (3)
to an output side (4), wherein the two or more LLC
converters (1.1, 1.2) include a first LLC converter
(1.1)and a second LLC converter (1.2) connected in
parallel on the input side (3) and on the output side
(4), each LLC converter (1.1, 1.2) including an in-
verter (23) with a bridge having one or two legs at the
input side (3), a resonant tank (25) connected to the
inverter (23), a transformer (27) with a primary and a
secondary and an output rectifier (29), the primary of
the transformer (27) being connected to the resonant
tank (25) and the output rectifier (29) being con-
nected to the secondary of the transformer (27),
wherein the controller (9) is adapted to balance
the power transfer by operating each leg of the bridge
of the inverter (23, 33, 73) of the first LLC converter
(1.1) with a duty cycle of 0.5 and operating at least
one leg of the bridge of the inverter (23, 73) of the
second LLC converter (1.2) that transfers more
power from the input side (3) to the output side (4)
than the first LLC converter (1.1) with a duty cycle
different from 0.5, characterised in that the bridge
of the inverter (23, 73) of the second LLC converter
(1.2)is a half bridge thatis formed by said atleastone
leg, wherein the controller (9) is adapted to balance
the power transfer by operating a first switch (S1) of
said at least one leg with a duty cycle that is greater
than 0.5 and by operating a second switch (S2) of
said at least one leg with a duty cycle that is smaller
than 0.5.

The controller (9) according to claim 4, wherein the
controller (9) is adapted to generate respective
switch control signals for each switch of the bridge
of the inverter (23, 33, 73) of the first LLC converter
(1.1) as well as for each switch of the bridge of the
inverter (23, 73) of the second LLC converter (1.2)
and to provide these switch control signals to a
respective control input of said switches.

The controller (9) according to any one of claims 4 to
5, wherein the controller (9) includes a first input
(11.1) to receive information representative of an
output current of the first LLC converter (1.1) and
a second input (11.2) to receive information repre-
sentative of an output current of the second LLC
converter (1.2) and wherein the controller (9) is
adapted to generate the switch control signals in
dependency of the information received at the first
and second input.

Aninterleaved LLC converter arrangement for trans-
ferring power from an input side (3) to an output side
(4), including afirst LLC converter (1.1) and a second
LLC converter (1.2) connected in parallel on the input
side (3) and on the output side (4), and wherein each
LLC converter(1.1,1.2)includes aninverter (23) with
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a bridge having one or two legs at the input side (3), a
resonant tank (25) connected to the inverter (23), a
transformer (27) with a primary and a secondary and
an output rectifier (29), wherein the primary of the
transformer (27) is connected to the resonant tank
(25) and the output rectifier (29) is connected to the
secondary of the transformer (27), characterised in
that the interleaved LLC converter arrangement in-
cludes a controller (9) according to any one of claims
4 to 6, wherein the bridge of the inverter (23, 73) of
the second LLC converter (1.2) is a half bridge.

The interleaved LLC converter arrangement accord-
ing to claim 7, including an output capacitor (7)
connected across the output side (4) of the inter-
leaved LLC converter.
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